Corynebacterium ulcerans is an emerging pathogen transmitted by a zoonotic pathway to humans. Despite rising numbers of infections and potentially fatal outcomes, data on the colonization of the human host are lacking up to now. In this study, adhesion of two C. ulcerans isolates to human epithelial cells, invasion of host cells and the function of two putative virulence factors with respect to these processes were investigated. C. ulcerans strains BR-AD22 and 809 were able to adhere to Detroit562 and HeLa cells, and invade these epithelial cell lines with a rate comparable to other pathogens as shown by scanning electron microscopy, fluorescence microscopy and replication assays. Infection led to detrimental effects on the cells as deduced from measurements of transepithelial resistance. Mutant strains of putative virulence factors phospholipase D and DIP0733 homologue CULC22_00609 generated in this study showed no influence on colonization under the experimental conditions tested. The data presented here indicate a high infectious potential of this emerging pathogen.
INTRODUCTION
Corynebacterium ulcerans is a pathogenic member of the genus Corynebacterium, which is part of the family Corynebacteriaceae, the order Actinomycetales and the phylum Actinobacteria (Tauch & Sandbote, 2014) . Within the phylum Actinobacteria, the genera Corynebacterium, Nocardia and Mycobacterium form a monophyletic branch, the CMN group, based on their unusual cell envelope composition (Burkovski, 2013) . C. ulcerans was first described by Gilbert & Stewart (1927) , who isolated the bacterium from the throat of a patient with respiratory diphtheria-like illness. When lysogenized by a tox gene-carrying corynephage, C. ulcerans can -like Corynebacterium diphtheriaeproduce diphtheria toxin and during the past decade diphtheria-like infections with toxigenic C. ulcerans have outnumbered those caused by toxigenic C. diphtheriae in many industrialized countries (Zakikhany & Efstratiou, 2012) . C. ulcerans is widely recognized as a commensal microorganism in domestic and wild animals. The range of mammal hosts observed for C. ulcerans is extremely broad and includes cattle, goats, pigs, wild boars, dogs, cats, ground squirrels, otters, camels, monkeys, whales, water rats and others (Pappenheimer, 1977; Olson et al., 1988; Hommez et al., 1999; Bergin et al., 2000; Tejedor et al., 2000; Foster et al., 2002; Morris et al., 2005; Seto et al., 2008; Hogg et al., 2009; Schuhegger et al., 2009; Sykes et al., 2010; Contzen et al., 2011; Hirai-Yuki et al., 2013; Eisenberg et al., 2015) . Human infections are rare and have traditionally been reported amongst rural populations with direct contact to domestic livestock or consumption of raw milk and other unpasteurized dairy products (Bostock et al., 1984; Hart, 1984) . However, during the last decade, human infections associated with C. ulcerans, e.g. diphtheria, severe necrotizing fasciitis and skin ulcers, appear to be increasing in various countries and can most often be ascribed to zoonotic transmission Meinel et al., 2014 Meinel et al., , 2015 .
In 2011, two non-toxigenic C. ulcerans strains from the metropolitan area of Rio de Janeiro, Brazil, were sequenced: BR-AD22, isolated from an asymptomatic dog, and 809, isolated from an 80-year-old woman with fatal pulmonary infection Dias et al., 2010; Trost et al., 2011) . Based on these genome sequences and comparative genomics approaches, a number of putative virulence factors were annotated; however, functional data were scarce. Up to now, data on fibrinogen, fibronectin and collagen binding, antimicrobial profiles, and arthritogenic potential of isolates have been published (Dias et al., 2011; Simpson-Louredo et al., 2014) . In the study presented here, C. ulcerans 809 and BR-AD22 were characterized for the first time to the best of our knowledge with respect to adhesion to epithelial cells, invasion of epithelial cells and the function of two putative virulence factors in these initial processes of infection.
METHODS
Bacterial strains and growth. Non-toxigenic C. ulcerans strains BR-AD22 and 809 were grown in Heart Infusion (HI) broth at 37 uC, Escherichia coli DH5aMCR and Salmonella enterica serovar Typhimurium NCTC 12023 were grown in Luria Broth (LB) (Sambrook et al., 1989) at 37 uC. If appropriate, kanamycin (60 mg ml -1 for E. coli; 50 mg ml -1 for C. ulcerans) or chloramphenicol (25 mg ml -1 ) was added.
Bacterial strains, cell lines and plasmids used in this study are listed in Table 1 .
Molecular biology techniques and construction of mutant strains. Standard techniques were used for plasmid isolation, transformation of E. coli and cloning (Sambrook et al., 1989) . For chromosomal disruption of the C. ulcerans BR-AD22 genes pld and CULC22_00609, internal DNA fragments of *500 bp were amplified by PCR using chromosomal DNA of strain BR-AD22 as template and the following primers: pld-XmaI-s (59-CGCGCCCGGGACCTGGC-TCGATATTAAGAATCCTGA-39)/pld-XmaI-as (59-CGCGCCCGGG-CCAAAGATCATTCCGTCTAC-39) for amplification of the pld gene fragment and CULC22_00609-XmaI-s (59-CGCGCCCGGGGTATC-TGGCCGCTCATGG-39)/CULC22_00609-XmaI-as (59-CGCGCCCG-GGGACTGCAAATCCGACACTG-39) for amplification of the CULC22_00609 gene fragment. Using the XmaI sites introduced via the PCR primers (shown in italic), the DNA fragment was ligated to XmaI-restricted and dephosphorylated pK18mob DNA (Schäfer et al., 1994) . The resulting plasmids pK18mob-pld9 and pK18mob-006099 were amplified in E. coli DH5aMCR. Unmethylated plasmid isolated from this E. coli strain (1 mg) was used to transform C. ulcerans BR-AD22 using a GenePulser II (Bio-Rad). Electroporated cells were added to 1 ml HI broth and incubated for 2 h at 37 uC under shaking. An appropriate volume of culture was plated on medium containing kanamycin. As pK18mob cannot be replicated in C. ulcerans, kanamycin-resistant C. ulcerans carried the vector integrated by homologous recombination in the respective chromosomal genes, which were designated ELHA1 ( pld) and ELHA3 (CULC22_00609). The insertion P45 gfpuv rep per T1 T2, Km of the plasmid into the chromosome of C. ulcerans and consequently the disruption of the corresponding genes was confirmed by Southern blotting using specific DNA probes (data not shown).
For overexpression of pld and CULC22_00609 in C. ulcerans BR-AD22, the complete genes were amplified by PCR using chromosomal DNA of strain BR-AD22 as template and the following primers: OEpld-PstI-s (59-CGCGCTGCAGTGTAGAGGGATCAACGATG-39)/OEpld-EcoRI-as (59-CGCGGAATTCTTGGCGGTGTCTAAACTCAC-39) for amplification of the pld gene and OE-00609-XbaI-s (59-CGCG-TCTAGAGGAGTTCGAGTTGGCGAACG-39)/OE-00609-XmaI-as (59-CGCGCCCGGGGCACTAGGGATCTGATTAGC-39) for amplification of the CULC22_00609 gene. Using the restriction sites introduced via the PCR primers (shown in italic), the DNA fragments were ligated to likewise restricted and dephosphorylated pXMJ19 DNA (Jakoby et al., 1999) . The resulting plasmids pXMJ19-pld and pXMJ19-00609 were amplified in E. coli DH5aMCR and used for electroporation of C. ulcerans BR-AD22 as described above. Positive clones were selected on HI agar containing chloramphenicol. RNA hybridization experiments with specific RNA probes proved increased expression levels of the corresponding genes in the resulting C. ulcerans strains (data not shown).
For fluorescence microscopy, electrocompetent C. ulcerans were transformed with gfp-carrying plasmid pEPR1-p45gfp, which leads to constitutive expression of GFP controlled by the p45 corynephage promoter (Knoppová et al., 2007) .
Cell cultures. Detroit562 were cultivated in Dulbecco's modified Eagle's medium (DMEM), high glucose with L-glutamine and sodium pyruvate (PAA Laboratories), supplemented with 120 mg penicillin ml -1 , 120 mg streptomycin ml -1 and 10 % heat-inactivated FCS in a CO 2 incubator. Cells were passaged at a ratio of 1 : 10 twice per week. HeLa cells were cultured in DMEM, high glucose with Lglutamine (PAA Laboratories) supplemented with 100 mg gentamicin ml -1 , 12 mg ciprofloxacin ml -1 and 10 % heat-inactivated FCS in a CO 2 incubator. Cells were passaged at a ratio of 1 : 10 twice per week.
Scanning electron microscopy (SEM). Infected monolayer cultures were first fixed with 0.1 % glutaraldehyde, 2 % paraformaldehyde, 5 % sucrose in 0.2 M sodium cacodylate solution for 1 h at 37 uC. Subsequently, samples were fixed with 0.3 % glutaraldehyde, 3 % paraformaldehyde in 0.2 M sodium cacodylate solution for 1 h at 37 uC. Samples were subsequently dehydrated using a graded series of acetone, critical point dried and gold sputtered, and examined using a FEI Quanta 200 scanning electron microscope.
Adhesion and invasion assays. Detroit562 and HeLa cells were seeded in 24-well plates (Nunc) at a density of 1|10 5 at 24 h prior to infection. Bacteria were inoculated to OD 600 0.1 from overnight cultures and grown in HI broth to OD 600 0.4-0.6. Subsequently, the bacteria were harvested by centrifugation and cell density was adjusted to OD 600 0.2. A master mix of the inoculum with m.o.i. 50 was prepared in DMEM and 500 ml per well was used to infect the cells. The plates were centrifuged for 5 min at 500 r.p.m. to synchronize infection and subsequently incubated for 90 min. The cells were washed with PBS three (HeLa cells) or six (Detroit562 cells) times, detached with 500 ml trypsin solution (0.12 % trypsin, 0.01 % EDTA in PBS) per well (5 min, 37 uC, 5 % CO 2 , 90 % humidity) and lysed with 0.025 % Tween 20 for 5 min at 37 uC. Serial dilutions of the lysates and the inoculi in 1| PBS were plated on Columbia agar with sheep blood (Oxoid) using an Eddy Jet Version 1.22 (IUL Instruments). After incubation at 37 uC for 2 days, the c.f.u. count was determined. The ratio of bacteria used for infection (number of colonies on inoculum plates) and bacteria in the lysate (number of colonies on the lysate plates) multiplied by 100 gave the adhesion efficiency in percent.
For invasion assays, after 90 min of infection, cells were not detached, but incubated for 2 h in DMEM (500 ml per well), containing 100 mg gentamicin ml -1 to kill remaining extracellular bacteria. After this incubation, the cell layers were washed once with PBS, detached, lysed and plated as described above, and the c.f.u. count was determined. The ratio of bacteria used for infection (number of colonies on inoculum plates) and bacteria in the lysate (number of colonies on the lysate plates) multiplied by 100 gave the invasion efficiency in percent.
Immunofluorescence microscopy. Detroit562 and HeLa cells were seeded on round coverslips in 24-well plates at a density of 5|10 4 and after 24 h infected at m.o.i. 50 with GFP-expressing C. ulcerans for 90 min. To analyse adhesion, cells were washed six (Detroit562) or three (HeLa) times and then fixed with 4 % paraformaldehyde in PBS for 20 min at 37 uC and stored in PBS at 4 uC until staining. For analysis of invasion, cells were washed three times after 90 min of infection and then further incubated for 2 h with DMEM containing 100 mg ml -1 gentamicin, then washed again and fixed as described above.
Fixed cells were stained with 30 ml Alexa Fluor 647 Phalloidin (Life Technologies) diluted 1 : 200 in an Image-iT FX signal enhancer (Life Technologies) for 45 min in the dark. Subsequently, cells were washed twice with PBS, dried for 5-10 min at 37 uC and then mounted on glass slides using ProLong Gold Antifade Mountant with DAPI (Life Technologies) and stored at 4 uC. Visualization was carried out on the confocal laser scanning microscope Leica SP5 II and analysed with the LAS software suite. . Bacteria were subcultured (OD 600 0.1 from overnight cultures) in 20 ml HI broth (C. ulcerans) or LB medium (S. Typhimurium) until OD 600 0.4-0.6 was reached, harvested by centrifugation and the pellet was resuspended in 500 ml PBS. An OD 600 of 5 was adjusted in 500 ml PBS and 100 ml of this suspension was used to infect one well. Measurements of transepithelial resistance of Detroit562 cells after infection were carried out with an EVOM2 voltohmmeter (World Precision Instruments) every 60 min. After 180 min the supernatant of infected Detroit562 cells was removed and the cells were incubated in fresh DMEM overnight to avoid detrimental effects of excessive bacterial growth.
RESULTS

SEM
As a first approach, binding of C. ulcerans to epithelial cells was characterized by SEM. For this purpose, adhesion of strains BR-AD22 and 809 to Detroit562 and HeLa cells was analysed. Independent of the C. ulcerans strain applied and the tested epithelial cell line, a localized, clustered adhesion pattern was found (Fig. 1) . As tested by microscopic inspection of the inoculum and determination of c.f.u. before and after washing steps, these clusters were not the result of bacterial aggregation (data not shown), but hinted at the presence of a limited number of specific cell surface receptor sites. A similar pattern of adhesion of bacteria to the cell surface was observed for different C. diphtheriae strains (Hirata et al., 2004) . In the case of Detroit562 cells, in rare cases an insertion of bacteria in the membrane was observed, suggesting invasion of bacteria into epithelial cells, which are typically non-phagocytotic (Fig. 1c) .
Fluorescence microscopy
Fluorescence microscopy was used as an independent method to investigate interaction of C. ulcerans strains with epithelial cells. For this purpose, both C. ulcerans strains were marked by GFP expression, nuclei were stained with DAPI and the cytoskeleton with Alexa Fluor 647 phalloidin (Fig. 2) . Fluorescence microscopy images revealed adhesion of the two strains to the surface of Detroit562 and HeLa cells. Internalization of bacteria in the two cell lines was clearly demonstrated by orthogonal z-stacks. Typical V-shaped bacteria due to snapping division indicated growth both on the surface and inside the epithelial cells.
Quantitative analysis of adhesion and invasion
For a quantitative analysis, adhesion and invasion of C. ulcerans BR-AD22 and 809 were analysed by determination of c.f.u. Whilst adhering bacteria were directly counted after 90 min, a gentamicin protection assay was used to analyse the rate of internalization (Fig. 3 ). The two strains were able to adhere to and invade epithelial cells, although to different degrees. In the case of adhesion to Detroit562 cells, a fivefold higher rate was determined for 809 compared with BR-AD22 (187+62 versus 31+15 %; Fig. 3a) , whilst no differences were observed for adhesion to HeLa cells (179+72 versus 186+76 %; Fig. 3c ). In the case of Detroit562 infection with strain 809 and the two HeLa infection approaches, strong growth of bacteria was indicated by c.f.u. exceeding the m.o.i. initially applied.
Invasion rates determined were identical for the two C. ulcerans strains in the case of Detroit562 cells (0.4+ 0.1 for BR-AD22 versus 0.3+0.1 % for 809; Fig. 3b) , whilst different invasion rates for were found for HeLa infections. In this case, BR-AD22 showed an invasion rate of 2.2 + 0.5 compared with 5.8 + 0.7 % for strain 809 (Fig. 3d) .
Transepithelial resistance
Epithelial cells infected with C. ulcerans appeared to be damaged sometimes; however, whether this was caused by handling effects or a reaction specific for C. ulcerans contact remained unclear. Some pathogens, such as S. Typhimurium, can cause severe damage on cell membranes and due to the resulting loss of cell integrity, the transepithelial resistance of monolayers is dramatically reduced (e.g. see Gerlach et al., 2008; Ott et al., 2010) . In this study, we used S. Typhimurium NCTC 12023 as a positive control to test the influence of C. ulcerans BR-AD22 and 809 on transepithelial resistance. Whilst the negative control without bacteria showed an even, increasing transepithelial resistance for 4 h, which later stayed constant up to 21 h, infection of Detroit562 monolayers with S. Typhimurium caused a fast breakdown of transepithelial resistance within 2 h. Compared with S. Typhimurium, effects on monolayers caused by C. ulcerans strains BR-AD22 and 809 were considerably slower. Whilst in the case of infection with BR-AD22 w11 h was needed for breakdown of transepithelial resistance, in the case of strain 809 a low basal resistance level had already been reached at 4 h (Fig. 4) . The strong detrimental effect of 809 might be due to the ribosome-binding protein with similarity to Shiga-like toxin encoded by this strain.
Influence of putative C. ulcerans virulence factors
Despite increasing numbers of infections and sometimes fatal cases, virulence factors of C. ulcerans are widely uncharacterized. However, based especially on homology to closely related pathogenic corynebacteria, a number of C. ulcerans proteins have been annotated as putative virulence factors (Trost et al., 2011) . Phospholipase D (PLD) is the most important virulence factor of Corynebacterium pseudotuberculosis. This so-called ovis toxin is involved in dissemination of this animal pathogen from the initial site of infection to other parts of the body. Only two other bacterial species are known to produce a PLD protein similar to that from C. pseudotuberculosis: Arcanobacterium haemolyticum and C. ulcerans (for comparison, see Table 2 ). Genomic organization of the pld gene is similar in C. ulcerans and C. pseudotuberculosis with a gene encoding a transposase protein and a fagC gene flanking pld, whilst the A. haemolyticum pld is flanked by genes encoding a hypothetical protein on the one side and three tRNAs on the other.
A BR-AD22 strain lacking PLD was generated and designated ELHA1. Compared with the WT, no significant changes in adhesion (BR-AD22 36.1 + 15.6 versus ELHA1 46.5 + 16.8 %) or invasion (BR-AD22 0.09 + 0.04 versus ELHA1 0.1 + 0.04 %) rate were observed when Detroit562 cells were infected. Overexpression of the protein in strain BR-AD22 pXMJ19-pld also did not influence the adhesion (29.7 + 8.8 %) or invasion (0.08 + 0.04 %) rate. Similar results were obtained with HeLa cells (data not shown).
Another example of a putative virulence factor encoded in the C. ulcerans genome is CULC22_00609, a homologue of C. diphtheriae DIP0733, which was found recently to be involved in adhesion to and invasion of epithelial cells (Antunes et al., 2015) . The corresponding protein comprises 81 % identity to DIP0733 from strain C. diphtheriae NCTC 13129. A CULC22_00609 gene disruption was generated in C. ulcerans BR-AD22, leading to strain ELHA3, and analysed with respect to adhesion and invasion. Disruption of the DIP0733 homologue CULC22_00609 had no effect with respect to adhesion (BR-AD22 33.0+11. 0.07 + 0.02 % versus ELHA3 0.05 + 0.02 %). Overexpression also showed no significant effects with an adhesion rate of strain BR-AD22 pXMJ19-00609 of 19.1 + 8.0 % and an invasion rate of 0.08 + 0.04 %. Again, with HeLa cells also, no influence of the putative virulence factor was found (data not shown).
DISCUSSION
C. ulcerans is an emerging pathogen, which is transmitted by a zoonotic pathway to the human host (Meinel et al., 2014 (Meinel et al., , 2015 . A wide variety of mammals can be infected and provide a reservoir for the pathogen. In recent years the cases of respiratory diphtheria caused by C. diphtheriae were outnumbered by C. ulcerans infections in Western Europe (Bonmarin et al., 2009; Wagner et al., 2010; Zakikhany & Efstratiou, 2012) . Despite increasing numbers of infections and the occurrence of fatal cases, basic mechanisms of host-pathogen interaction and specific virulence factors of C. ulcerans have been widely uncharacterized until now.
The two C. ulcerans strains investigated in this study were able to bind to epithelial cells -most likely at specific receptor sites -and multiply during in vitro infection. Furthermore, the bacteria were able to invade the cytoplasm of epithelial cells. Compared with adhesion rates found for different C. diphtheriae strains (for review, see Ott & Burkovski, 2014) and invasion rates determined (e.g. Ott et al., 2013) , C. ulcerans rates observed here were at least two-to fivefold higher, indicating the high infectious potential of this pathogen. This is further supported by detrimental effects on epithelial cells as shown by the breakdown of transepithelial resistance of cell monolayers after infection with C. ulcerans BR-AD22 and 809. Again, also in this case, C. ulcerans showed strong effects, whilst an influence on transepithelial resistance was not observed for C. diphtheriae strains (Ott et al., 2010) . The observed internalization into epithelial cells might be an effective mechanism for immune evasion of C. ulcerans, supporting the establishment and progress of infections.
Both strain 809, from a fatal case of pneumonia, and BR-AD22, isolated from an asymptomatic dog, were able to colonize human epithelial cells, which might be explained by a close taxonomic relationship as found by Meinel et al. (2014) . Nevertheless, strain-and cell line-specific differences observed hint at the existence of more than one mechanism for adhesion and invasion. In line with this idea, initial sequencing of strains 809 and BR-AD22 (Trost et al., 2011) as well as next-generation sequencing of nine C. ulcerans isolates revealed a number of different virulence factors which might influence colonization by different isolates of this pathogen. Proteins found included PLD, neuraminidase H, endoglycosidase E, SpaDEF-type adhesive pili, diphtheria toxin, a ribosome-binding protein with similarity to Shiga-like toxin, a haemagglutinin protein, a Fic toxin homologue and a RhuM homologue (Trost et al., 2011; Meinel et al., 2014 Meinel et al., , 2015 Antunes et al., 2015) .
Two putative virulence factors of C. ulcerans were tested in this study: the DIP0733 homologue CULC22_00609 and PLD. In C. diphtheriae CDC-E8392, DIP0733 is important for adhesion and invasion, and a mutation of the corresponding gene influenced these processes negatively (Antunes et al., 2015) . In C. ulcerans, an effect on adhesion and invasion by CULC22_00609, the corresponding homologue of DIP0733, was not observed under the experimental conditions tested. The reason for this result is unclear. Possible explanations might be species-and strain-specific differences with respect to adhesion mechanisms, as also observed for 809 and BR-AD22 in this study. However, as we were not able to generate a CULC22_00609 deletion -or any other kind of mutation -in the strain 809 background, this hypothesis could not be verified.
Whilst studies on the influence of PLD on colonization of epithelial cell lines are lacking for C. pseudotuberculosis, interaction of a PLD mutant with HeLa cells was tested previously in A. haemolyticum. Adhesion was diminished and invasion increased compared with the WT, due to the detrimental effect of PLD secretion in the latter species (Lucas et al., 2010) . In a recent study, PLD deficiency in the C. ulcerans background had a positive influence on survival of wax moth larvae. As in this study, an influence on adhesion was not observed (Ott et al., 2012) . These results might indicate that C. ulcerans PLD is more important for dissemination within the host than for adhesion to host cells -an idea that is in principle also in accordance with the observation made in A. haemolyticum (Lucas et al., 2010) .
In summary, the emerging pathogen C. ulcerans includes a broad and varying set of virulence factors (Trost et al., 2011) . Furthermore, by acquisition of new genes, this repertoire can change quickly (Meinel et al., 2014) , supporting the necessity of constant surveillance of this pathogen (Both et al., 2015) . The contribution of putative virulence proteins identified so far and of other components of the cell, like glycolipids, which play an important role in virulence of C. diphtheriae, Mycobacterium tuberculosis and Rhodococcus equi (Indrigo et al., 2003; Axelrod et al., 2008; Moreira et al., 2008; Sydor et al., 2013) , has to be elucidated in the future at the molecular level by genetic experiments with defined mutants. 
